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ALIMENTARY PROTEIN-BASED
SCAFFOLDS (APS) FOR WOUND HEALING,

REGENERATIVE MEDICINE AND DRUG
DISCOVERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a National Stage application of PCT International
Application No. PCT/US2008/001936, filed Feb. 14, 2008,

which 1n turn claims the benefit pursuant to 35 U.S.C. §119(e)
of U.S. Provisional Application No. 60/889,782, filed on Feb.

14, 2007 which 1s hereby incorporated by reference in 1ts
entirety herein.

BACKGROUND OF THE INVENTION

Tissue engineering aims at restoring, maintaimng or
improving tissue function so as to extend and/or preserve the
well being of an individual while decreasing the major cost
burden on the medical community. These natural processes
are occurring in nature using the 3D-structure of extracellular
matrix (ECM) (the natural scatfold), which allows cells to
grow, proliferate and differentiate within it. Artificial scat-
tolds have been made and used for therapeutic purposes (1.e.
cardiac or skin implants) from natural polymers that desorb or
degrade within the body.

The major challenge for tissue engineering researchers 1s
to find materials and processing techniques that allow them to
produce ECM mimicking scaffolds that promote cell growth
and organization 1nto a specific architecture, inducing differ-
entiated cell function. ECM 1s a complex three-dimensional
ultrastructure of proteins, proteoglycans and glycoproteins,
used for cells growth 1n native tissue. In fact, there are many
different types of ECMs for different parts of the body, for
example, fibrous proteins are dominant material 1n tendon,
polysaccharides are found largely existing 1n cartilage and so
the forth. Collagens have been found to be the key proteins in
ECM and also are the most ample proteins 1n the whole body.

ECM provides attachment sites and mechanical support for
cells. The topology of ECM has been found to affect the cell
structure, functionality and its physiological responsiveness.
The geometry of the natural matrix was reported to modulate
the cell polanty. Thyroid cells, smooth muscle cell and hepa-
tocytes are different types of cells found to be affected by
ECM’s topology, with 3D-structures inducing cell differen-
tiation more effectively than 2D configurations. The arrange-
ment of ECM’s configuration mnvolves multiple length scales,
layers and morphologies. However, although much 1s know
about 3-D scaflolding of materials according to ECM topol-
ogy to proliferate cell growth, satisfactory techniques and/or
synthetic scatfolds have not been easily to construct.

In human skin, dermal fibroblasts secrete keratinocyte
growth factor (KGF) and other growth factors that regulate
keratinocyte proliferation and migration (Huang, et al., 2005,
]I Biomed Sci. 12(6): 855-67), while keratinocyte-derived
cytokines may downregulate collagen synthesis by fibro-
blasts (Harrison, et al., 2006, Br ] Dermatol. 154(3): 401-10).
In large or non-healing wounds, this epithelial-mesenchymal
interaction 1s obstructed by the lack of physical and bio-
chemical cues for host cells to migrate and repair the wound
site. Hence, an implantable platform is needed to provide an
environment inductive to skin regeneration, by recruiting host
cells and inducing them to secrete the appropriate signals and
matrix components for reparr.

Accordingly, there 1s a need for bioengineered tissue sub-
stitutes that can be custom-engineered to match the biome-
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2

chanical, biochemical, and biological needs of the specific
tissue or organ they are designed to replace.

BRIEF SUMMARY OF THE INVENTION

The present invention provides an electroprocessed com-
position comprising fibers of plant product derived biomate-
rials. In one embodiment, the invention provides an electro-
spun composition comprising fibers of plant product derived
biomaterals.

In one embodiment, the plant product 1s from a plant
selected from the group consisting of corn, wheat, potato,
sorghums, tapioca, rice, arrow root, sago, soybean, pea, sun-
flower, peanut, gelatin, and any combination thereof.

In one embodiment, the plant product 1s soy protein 1solate.
In another embodiment, the plant product 1s corn zein.

In one embodiment, the composition is capable of support-
ing cell growth. In another embodiment, the composition 1s
capable of supporting the maintenance of a differentiation
state of a cell.

In one embodiment, the composition further comprises a
cell. In another embodiment, the cell 1s genetically modified.

In one embodiment, the composition comprises a material
selected from the group consisting of fibronectin, laminin,
collagen, glycoprotein, thrombospondin, elastin, fibrillin,
mucopolysaccharide, glycolipid, heparin sulfate, chondroitin
sulfate, keratin sulfate, glycosaminoglycan, hyaluronic acid,
proteoglycan, vitronectin, poly-D-lysine, polysacchande,
and any combination thereof.

In one embodiment, the composition comprises a synthetic
material. In another embodiment, the synthetic material 1s
selected from the group consisting of poly(epsilon-caprolac-
tone) (PCL), poly(lactic acid) (PLA), poly(glycolic acid)
(PGA), copolymers poly(lactide-co-glycolide) (PLGA),
polyaniline, poly(ethylene oxide) (PEO), and any combina-
tion thereof.

The invention also provides a method of making a compo-
sition comprising a biomaterial derived from a plant product,
wherein the biomaterial 1s electroprocessed to produce elec-
troprocessed fibers. The method comprises obtaining a plant
product and dissolving the plant product 1n a solvent to pro-
duce a protein solution; and subjecting the protein solution to
clectroprocessing to produced electroprocessed fibers.

In one embodiment, the step of electroprocessing 1s elec-
trospinning; and the electroprocessed fibers are electrospun
fibers.

In one embodiment, the plant product 1s from a plant
selected from the group consisting of corn, wheat, potato,
sorghums, tapioca, rice, arrow root, sago, soybean, pea, sun-
flower, peanut, gelatin, and any combination thereof.

In one embodiment, the plant product 1s soy protein 1solate.
In another embodiment, the soy protein i1solate 1s blended
with poly(ethylene oxide) (PEQO).

In one embodiment, the plant product 1s corn zein.

In one embodiment, the biomaterial comprises a material
selected from the group consisting of fibronectin, laminin,
collagen, glycoprotein, thrombospondin, elastin, fibrillin,
mucopolysaccharide, glycolipid, heparin sulfate, chondroitin
sulfate, keratin sulfate, glycosaminoglycan, hyaluronic acid,
proteoglycan, vitronectin, poly-D-lysine, polysaccharnide,
and any combination thereof.

In one embodiment, the biomaterial further comprises a
synthetic material. In another embodiment, the synthetic
material 1s selected from the group consisting of poly(epsi-
lon-caprolactone) (PCL), poly(lactic acid) (PLA), poly(gly-
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colic acid) (PGA), copolymers poly(lactide-co-glycolide)
(PLGA), polyaniline, poly(ethylene oxide) (PEO), and any
combination thereof.

In one embodiment, the solvent 1s selected from the group
consisting of an organic solvent, an acid, a base, an alcohol,
and any combination thereof. In another embodiment, the
solvent 1s selected from the group consisting of 1,1,1,3,3,3-
hexafluoro-2-propanol (HEFP) and glacial acetic acid.

The mvention also provides a method of culturing a cell
with an engineered scaflold comprising a biomaterial derived
from a plant product, wherein the biomatenial 1s electroproc-
ssed to produce electroprocessed fibers. The method com-
prises contacting cells with the engineered scatiold 1n the
presence ol a culture medium.

In one embodiment, the culturing of a cell with a scatiold
produces a target tissue substitute. In another embodiment,
the cell 1s selected from the group consisting of stem cells,
muscle cells, endothelial cells, nerve cells, bone cells, heart
cells, epithelial cells, fibroblasts, and mixtures thereof.

The mmvention also provides a method of delivering an
agent to a mammal. The method comprises administering an
engineered scatfold comprising a biomaterial derived from a
plant product, wherein the biomaterial 1s electroprocessed to
produce electroprocessed fibers, further wherein the scatfold
comprises an agent.

In one embodiment, the agent 1s a cell. In another embodi-
ment, the agent 1s selected from the group consisting of an
extracellular matrix component, a growth factor, a differen-
tiation factor, and combinations thereof. In another embodi-
ment, the agent 1s selected from the group consisting of a
chemical agent, a pharmaceutical, a peptide, a nucleic acid,
and any combination thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

For the purpose of illustrating the invention, there are
depicted 1n the drawings certain embodiments of the mven-
tion. However, the mmvention 1s not limited to the precise
arrangements and instrumentalities of the embodiments
depicted 1n the drawings.

FIG. 1, comprising FIGS. 1A-1H, 1s a series of images
demonstrating the general trend of increase 1n fiber width or
diameter corresponds with increasing protein concentration.

FIG. 1A 1s animage of fiber morphology of electrospun fibers

ol 5% SPI, 0.025% PEO blended fiber; FIG. 1B 1s animage of
fiber morphology electrospun fibers of 6% SPI, 0.025% PEO
blended fiber; FIG. 1C 1s an 1mage of fiber morphology of
clectrospun fibers o1 7% SPI, 0.025% blended fiber; FIG. 1D
1s an 1mage of fiber morphology of electrospun fibers of 8%
SPI, 0.025% blended fiber; FIG. 1E 1s an image of fiber
morphology of electrospun fibers of 5% SPI, 0.05% PEO
blended fiber; FIG. 1F 1s an image of fiber morphology of
clectrospun fibers of 6% SPI, 0.05% PEO blended fiber; FIG.
1G 1s an 1mage of fiber morphology of electrospun fibers of
7% SPI, 0.05% PEO blended fiber; and FIG. 1H 1s an image
of fiber morphology of electrospun fibers of 8% SPI, 0.05%
PEO blended fiber.

FIG. 2 1s a chart demonstrating the general trend of
increase 1n {iber width or diameter corresponds with increas-
ing protein concentration of soy protein 1solate (SPI) when
blended with either 0.0025% PEO or 0.05% PEO.

FIG. 3 1s a chart demonstrating the general trend of
increase 1n {iber width or diameter corresponds with increas-
ing protein concentration of zein.

FI1G. 4 1s a chart depicting the variation of fiber diameter
tollowing hydration in DMEM, PBS, and water for 2 hours

and 24 hours.
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FIG. 5, comprising FIGS. 5A-5F, 1s a series of 1images
demonstrating that the engineered scatfolds can support cell

growth. FIG. 5A 1s an image depicting the growth of human

dermal fibroblasts on electrospun fibers of 5% SPI, 0.05%
PEO blended fiber; FIG. 5B 1s an 1image depicting the growth
of human dermal fibroblasts on electro spun fibers of 6% SPI,

0.05% PEO blended fiber; FIG. 5C 1s an image depicting the
growth of human dermal fibroblasts on electrospun fibers 7%
SPI, 0.05% PEO blended fiber; FIG. 53D 1s an image depicting
the growth of human dermal fibroblasts on electrospun fibers
8% SPI, 0.05% PEO blended fiber; FIG. 5E 1s an image
depicting the growth of human dermal fibroblasts on electro-
spun fibers of 8% gelatin; FIG. 5F 1s an image depicting the

growth of human dermal fibroblasts on electrospun fibers of
20% PLGA.

DETAILED DESCRIPTION OF THE INVENTION

The present invention 1s partly based on the discovery that
plant-dertved proteins can be used as a source of biomaterials
for tissue engineering purposes. In one aspect, the imnvention
includes a scattfold produced from a plant product, wherein
the scaffold 1s able to support the growth of animal cells. In
another aspect, the scaffold mimics natural extracellular
matrix (ECM).

The mvention includes the use of any products obtained
from alimentary plants. Non-limiting examples of alimentary
plants include, but are not limited to corn, wheat, potato,
sorghums, tapioca, rice, arrow root, sago, soybean, pea, sun-
flower, peanut, gelatin.

In one embodiment of the invention, the scatfold is pro-
duced by an electrospinning process. In certain aspects, the
clectrospinning process of the present mnvention uses a one-
step electrospinning technique and therefore 1s easy to use
and 1s cost effective.

The 1nvention also provides fibers and nanofibrous bio-
compatible matrix electrospun from a blend of synthetic
polymers and natural proteins. The matrix can be used as
tissue engineering scaffold and implanted into the body to
replace/repair damaged/non-functional tissues. The particu-
lar blends provide a unique mix of mechanical and physical
properties that facilitates cell penetration and proliferation
within the scaffolds without crosslinking.

Electrospinning provides an efficient approach to fabricat-
ing scatfolds derived from proteins of plants for tissue engi-
neering. The advantage of this scaffold 1s the accessibility of
proteinaceous products from plants. The novel approach to
generating composite scatfolds of plant-based biomaterials
affords tissue engineers the ability to meet all necessary
design criteria 1n fabricating scatfolds for a given application,

such as drug delivery, wound healing, regenerative medicine,
and the like.

DEFINITIONS

Unless defined otherwise, all technical and scientific terms
used herein generally have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Generally, the nomenclature used herein
and the laboratory procedures in cell culture, molecular
genetics, organic chemistry, and nucleic acid chemistry and
hybridization are those well known and commonly employed
in the art.

Standard techniques are used for nucleic acid and peptide
synthesis. The techniques and procedures are generally per-
formed according to conventional methods in the art and
various general references (e.g., Sambrook and Russell,
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2001, Molecular Cloning, A Laboratory Approach, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.,
and Ausubel et al., 2002, Current Protocols 1n Molecular
Biology, John Wiley & Sons, New York, N.Y.), which are
provided throughout this document.

The articles “a” and “an’ are used herein to refer to one or
to more than one (1.e., to at least one) of the grammatical
object of the article. By way of example, “an element” means
one element or more than one element.

The term “about” will be understood by persons of ordi-
nary skill in the art and will vary to some extent based on the
context 1n which 1t 1s used.

As used | “admimistering” refers to at least oral

herein,
administration, administration as a suppository, topical con-
tact, intravenous, intraperitoneal, intramuscular, intrale-
sional, intranasal or subcutaneous administration, or the
implantation of a slow-release device e.g., a mini-osmotic
pump, to the subject.

The term ““attached,” as used herein encompasses interac-
tion including, but not limited to, covalent bonding, 10nic
bonding, chemisorption, physisorption and combinations
thereof.

The term “biomolecule” or “bioorganic molecule” refers to
an organic molecule typically made by living organisms. This
includes, for example, molecules comprising nucleotides,
amino acids, sugars, fatty acids, steroids, nucleic acids,
polypeptides, peptides, peptide fragments, carbohydrates,
lipids, and combinations of these (e.g., glycoproteins, ribo-
nucleoproteins, lipoproteins, or the like).

The term “differentiation factor”, as used herein, refers to
a molecule that induces a stem cell or progenitor cell to
commit to a particular specialized cell type.

“Extracellular matrix” or “matrix” refers to one or more
substances that provide substantially the same conditions for
supporting cell growth as provided by an extracellular matrix
synthesized by feeder cells. The matrix may be provided on a
substrate. Alternatively, the component(s) comprising the
matrix may be provided in solution. Components of an extra-
cellular matrix can include laminin, collagen and fibronectin.

The term “extracellular matrix component™, as used
herein, can include a member selected from laminin, col-
lagen, fibronectin and elastin.

The term “electroprocessing” shall be defined broadly to
include all methods of electrospinning, electrospraying, elec-
troaerosoling, and electrosputtering of materials, combina-
tions of two or more such methods, and any other method
wherein materials are streamed, sprayed, sputtered or dripped
across an electric field and toward a target. The electropro-
cessed material can be electroprocessed from one or more
grounded reservoirs 1n the direction of a charged substrate or
from charged reservoirs toward a grounded target. The term
clectroprocessing 1s not limited to the specific examples set
torth herein, and 1t includes any means of using an electrical
field for depositing a material on a target.

As used herein, the term “electrospinming,” also known as
“electrostatic spinning,” includes various processes for form-
ing polymeric fibers including nanofibers and microfibers by
expressing a liquid polymeric formulation through a capil-
lary, syringe or similar implement (referred to herein as a flow
tube) under the intluence of an electrostatic field and collect-
ing the so-formed fibers on a target.

“Electroaerosoling” means a process in which droplets are
formed from a solution or melt by streaming an electrically
charged polymer solution or melt through an orifice.

A “growth environment™ 1s an environment 1n which stem
cells will proliferate 1n vitro. Features of the environment
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include the medium 1n which the cells are cultured, and a
supporting structure (such as a substrate on a solid surface) 1t
present.

“Growth factor” refers to a substance that 1s eflective to
promote the growth of cells. Growth factors include, but are
not limited to, basic fibroblast growth factor (bFGF), acidic
fibroblast growth factor (aFGF), epidermal growth factor
(EGF), msulin-like growth factor-I (IGF-T), insulin-like
growth factor-1I (IGF-II), platelet-derived growth factor-AB
(PDGF), vascular endothelial cell growth factor (VEGE),
activin-A, bone morphogenic proteins (BMPs), isulin,
cytokines, chemokines, morphogens, neutralizing antibod-
1es, other proteins, and small molecules.

“Hydrogel” refers to a water-insoluble and water-swellable
cross-linked polymer that 1s capable of absorbing at least 3
times, preferably at least 10 times, 1ts own weight of a liquid.
“Hydrogel” can also refer to a “thermo-responsive polymer”
as used herein.

As used herein, “scatlold” refers to a structure, comprising
a biocompatible material, that provides a surface suitable for
adherence and proliferation of cells. A scatl

old may further
provide mechanical stability and support. A scatfold may be
in a particular shape or form so as to influence or delimit a
three-dimensional shape or form assumed by a population of
proliferating cells. Such shapes or forms include, but are not
limited to, films (e.g. a form with two-dimensions substan-
tially greater than the third dimension), ribbons, cords, sheets,
flat discs, cylinders, spheres, 3-dimensional amorphous
shapes, efc.

The term “1solated” refers to a matenal that 1s substantially
or essentially free from components, which are used to pro-
duce the material. The lower end of the range of purity for the
compositions 1s about 60%, about 70% or about 80% and the
upper end of the range of purity 1s about 70%, about 80%,
about 90% or more than about 90%.

As used here, “biocompatible” refers to any matenal,
which, when implanted 1n a mammal, does not provoke an
adverse response in the mammal. A biocompatible matenal,
when introduced into an mndividual, 1s not toxic or injurious to
that individual, nor does 1t induce immunological rejection of
the material 1n the mammal.

As used herein, a “grait” refers to a cell, tissue or organ that
1s implanted 1nto an individual, typically to replace, correct or
otherwise overcome a defect. A graft may further comprise a
scalfold. The tissue or organ may consist of cells that origi-
nate from the same individual; this grait 1s referred to herein
by the following interchangeable terms: “autograit™, “autolo-
gous transplant”, “autologous implant” and “autologous
grait”. A gralt comprising cells from a genetically different
individual of the same species 1s referred to herein by the
following interchangeable terms: “allograft”, “allogeneic
transplant”, “allogeneic implant” and *“‘allogeneic grait”. A
grait from an individual to his 1dentical twin 1s referred to
herein as an “isograit”, a “syngeneic transplant”, a “synge-
neic implant™ or a “syngeneic graft”. A “xenograit”, “xeno-
genelc transplant” or “xenogeneic implant™ refers to a graft
from one 1ndividual to another of a different species.

As used herein, the terms “tissue grafting” and “tissue
reconstructing” both refer to implanting a grait into an 1ndi-
vidual to treat or alleviate a tissue defect, such as a lung defect
or a soft tissue defect.

As used herein, to “alleviate” a disease, defect, disorder or
condition means reducing the severity of one or more symp-
toms of the disease, defect, disorder or condition.

As used herein, to “treat” means reducing the frequency
with which symptoms of a disease, defect, disorder, or

adverse condition, and the like, are experienced by a patient.
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As used herein, a “therapeutically effective amount”™ 1s the
amount of a composition of the invention suificient to provide
a beneficial effect to the individual to whom the composition
1s administered.

Asused herein, the term “growth medium™ 1s meant to refer
to a culture medium that promotes growth of cells. A growth
medium will generally contain animal serum. In some
instances, the growth medium may not contain animal serum.

“Dhtlerentiation medium” 1s used herein to refer to a cell
growth medium comprising an additive or a lack of an addi-
tive such that a stem cell, fetal pulmonary cell or other such
progenitor cell, that 1s not fully differentiated, develops into a
cell with some or all of the characteristics of a differentiated
cell when incubated 1n the medium.

An “1solated cell” refers to a cell which has been separated
from other components and/or cells which naturally accom-
pany the 1solated cell 1n a tissue or mammal.

As used herein, a “substantially purified” cell 1s a cell that
1s essentially free of other cell types. Thus, a substantially
purified cell refers to a cell which has been purified from other
cell types with which 1t 1s normally associated 1n its naturally-
occurring state.

“Expandability” 1s used herein to refer to the capacity of a
cell to proliferate, for example, to expand 1n number or, 1n the
case of a population of cells, to undergo population dou-
blings.

“Proliteration” 1s used herein to refer to the reproduction or
multiplication of similar forms, especially of cells. That 1s,
proliferation encompasses production of a greater number of
cells, and can be measured by, among other things, simply
counting the numbers of cells, measuring incorporation of
“H-thymidine into the cell, and the like.

As used herein, “tissue engineering’ refers to the process
ol generating tissues €x vivo for use 1n tissue replacement or
reconstruction. Tissue engineering 1s an example of “regen-
erative medicine,” which encompasses approaches to the
repair or replacement of tissues and organs by incorporation
of cells, gene or other biological building blocks, along with
bioengineered materials and technologies.

Asused herein “endogenous™ refers to any material from or
produced inside an organism, cell or system.

“Exogenous’ refers to any material introduced into or pro-
duced outside an orgamism, cell, or system.

“Encoding” refers to the inherent property of specific
sequences of nucleotides 1 a polynucleotide, such as a gene,
a cDNA, or an mRNA, to serve as templates for synthesis of
other polymers and macromolecules 1n biological processes
having either a defined sequence of nucleotides (i.e., rRNA,
tRNA and mRNA) or a defined sequence of amino acids and
the biological properties resulting therefrom. Thus, a gene
encodes a protein 1f transcription and translation of mRNA
corresponding to that gene produces the protein 1n a cell or
other biological system. Both the coding strand, the nucle-
otide sequence of which 1s 1dentical to the mRNA sequence
and 1s usually provided in sequence listings, and the non-
coding strand, used as the template for transcription of a gene
or cDNA, can be referred to as encoding the protein or other
product of that gene or cDNA.

Unless otherwise specified, a “nucleotide sequence encod-
ing an amino acid sequence” 1ncludes all nucleotide
sequences that are degenerate versions of each other and that
encode the same amino acid sequence. Nucleotide sequences
that encode proteins and RNA may include introns.

An “1solated nucleic acid” refers to a nucleic acid segment
or fragment which has been separated from sequences which
flank 1t 1n a naturally-occurring state, 1.e., a DNA fragment
which has been removed from the sequences which are nor-
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mally adjacent to the fragment, 1.e., the sequences adjacent to
the fragment 1n a genome 1n which 1t naturally occurs. The
term also applies to nucleic acids which have been substan-
tially purified from other components which naturally accom-
pany the nucleic acid, 1.e., RNA or DNA or proteins, which
naturally accompany it in the cell. The term therefore
includes, for example, a recombinant DNA which 1s incorpo-
rated 1nto a vector, into an autonomously replicating plasmid
or virus, or into the genomic DNA of a prokaryote or eukary-
ote, or which exists as a separate molecule (1.e., as a cDNA or
a genomic or cDNA fragment produced by PCR or restriction
enzyme digestion) independent of other sequences. It also
includes a recombinant DNA which 1s part of a hybrid gene
encoding additional polypeptide sequence.

In the context of the present invention, the following abbre-
viations for the commonly occurring nucleic acid bases are
used. “A” refers to adenosine, “C” refers to cytosine, “G”
refers to guanosine, “1” refers to thymidine, and “U” refers to
uridine.

The phrase “under transcriptional control” or “operatively
linked” as used herein means that the promoter 1s in the
correct location and orientation in relation to the polynucle-
otides to control RNA polymerase imitiation and expression
of the polynucleotides.

As used herein, the term “promoter/regulatory sequence™
means a nucleic acid sequence which 1s required for expres-
s1on of a gene product operably linked to the promoter/regu-
latory sequence. In some 1nstances, this sequence may be the
core promoter sequence and 1n other mstances, this sequence
may also iclude an enhancer sequence and other regulatory
clements which are required for expression of the gene prod-
uct. The promoter/regulatory sequence may, for example, be
one which expresses the gene product 1 a tissue specific
mannet.

A “constitutive” promoter 1s a nucleotide sequence which,
when operably linked with a polynucleotide which encodes
or specifies a gene product, causes the gene product to be
produced 1n a cell under most or all physiological conditions
of the cell.

An “inducible” promoter 1s a nucleotide sequence which,
when operably linked with a polynucleotide which encodes
or specifies a gene product, causes the gene product to be
produced 1n a cell substantially only when an inducer which
corresponds to the promoter 1s present 1n the cell.

A “tissue-specific” promoter 1s a nucleotide sequence
which, when operably linked with a polynucleotide which
encodes or specifies a gene product, causes the gene product
to be produced 1n a cell substantially only 11 the cell 1s a cell
of the tissue type corresponding to the promoter.

A “vector” 1s a composition of matter which comprises an
1solated nucleic acid and which can be used to deliver the
1solated nucleic acid to the interior of a cell. Numerous vec-
tors are known 1n the art including, but not limited to, linear
polynucleotides, polynucleotides associated with 1onic or
amphiphilic compounds, plasmids, and viruses. Thus, the
term “vector” includes an autonomously replicating plasmid
or a virus. The term should also be construed to include
non-plasmid and non-viral compounds which facilitate trans-
fer ol nucleic acid into cells, such as, for example, polylysine
compounds, liposomes, and the like. Examples of viral vec-
tors include, but are not limited to, adenoviral vectors, adeno-
assoclated virus vectors, retroviral vectors, and the like.

“Expression vector” refers to a vector comprising a recom-
binant polynucleotide comprising expression control
sequences operatively linked to a nucleotide sequence to be
expressed. An expression vector comprises sullicient cis-act-
ing elements for expression; other elements for expression




US 8,790,921 B2

9

can be supplied by the host cell or 1n an 1n vitro expression
system. Expression vectors include all those known 1n the art,

such as cosmids, plasmids (1.e., naked or contained in lipo-
somes) and viruses that incorporate the recombinant poly-
nucleotide.

The term “‘patient” as used herein includes human and
veterinary subjects.

As used herein, “wound healing™ 1s intended to include all
disorders characterized by any disease, disorder, syndrome,
anomaly, pathology, or abnormal condition of the skin and/or
underlying connective tissue, e.g., skin wounds following
surgery, skin abrasions caused my mechanical trauma, caus-
tic agents or burns, cornea following cataract surgery or cor-
neal transplants, mucosal epithelium wounds following
infection or drug therapy (e.g., respiratory, gastrointestinal,
genitourinary, mammary, oral cavity, ocular tissue, liver and
kidney), diabetic wounds, skin wounds following grafting,
and regrowth of blood vessels following angioplasty.

DESCRIPTION OF THE INVENTION

The present invention provides a method of using plant-
derived proteins as a source of biomaterials for tissue engi-
neering purposes. In one aspect, the invention includes a
scaifold produced from a plant product, wherein the scatiold
1s able to support the growth of animal cells. In another
aspect, the scaffold mimics natural extracellular matrix
(ECM).

The invention includes the use of any proteinaceous prod-
ucts obtained from alimentary plants. Non-limiting examples
of alimentary plants include, but are not limited to com,
wheat, potato, sorghums, tapioca, rice, arrow root, sago, soy-
bean, pea, suntlower, peanut, gelatin. The invention provides
a means ol generating biomaterials from products and the
biomaterials can be used as a scaffold in tissue engineering,
drug delivery, drug discovery, therapy, and other research
pUrposes.

Composition

The mvention 1s based on the discovery that plant products
such as soy protein and corn zein can be used to produce a
scatfold capable of supporting the growth of cells and there-
fore provides an alternative biodegradable composition for
biomedical applications. However, the invention should not
be limited to only soy and corn. Rather, the invention includes
a novel method of using any natural product such as proteins
obtained from alimentary products.

The possibility to modify both the chemistry and the mor-
phology of the natural alimentary materials (1.¢., materials
obtained from an alimentary plant) are also claimed 1n the
present invention offering a series of approaches to make
these natural alimentary materials suitable for many biomedi-
cal applications. These modifications aim to modulate the
degradation time of the maternial varying its porosity and
surface chemistry as well as to improve the material biocom-
patibility and mechanical properties.

By way of example, the following section describes a soy-
bean-based scatfold. However, the invention should not be
construed to be limited to a soybean-based scatiold. As used
herein, the term “soy material” 1s defined as a material derived
from soybeans. The term “soybean” refers to the species
Glycine max, Glycine soja, or any species that 1s sexually
cross compatible with Glycine max.

The term “soy protein 1solate” as used herein 1s used 1n the
sense conventional to the soy protein industry. For example, a
soy protein 1solate 1s a soy material having a protein content
of at least 90% soy protein on a moisture free basis. “Isolated
soy protein”, as used 1n the art, has the same meaning as “soy
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protein 1solate” as used herein and as used 1n the art. A soy
protein 1solate 1s formed from soybeans by removing the hull
and germ of the soybean from the cotyledon, flaking or grind-
ing the cotyledon and removing o1l from the flaked or ground
cotyledon, separating the soy protein and carbohydrates of
the cotyledon from the cotyledon fiber, and subsequently
separating the soy protein from the carbohydrates.

In one embodiment, the soy-based composition comprises
a fibrous material containing soy protein and soy cotyledon
fiber. The fibrous material generally comprises a defatted soy
protein material and soy cotyledon fiber. The fibrous material
1s produced by extruding the soy protein material and soy
cotyledon fiber. The fibrous material has a moisture content of
from 6% to 80%. Moisture conditions employed 1n producing
the fibrous material are low moisture fibrous material (6% to
35%) and high moisture fibrous material (50% to 80%). Addi-
tional ingredients may be extruded with the soy protein mate-
rial and the soy cotyledon fiber such as wheat gluten and
starch.

The soy protein 1solate should not be a highly hydrolyzed
soy protein 1solate having a low molecular weight distribution
since highly hydrolyzed soy protein 1solates lack the protein
chain length to properly form protein fibers 1n the process.
Highly hydrolyzed soy protein 1solates, however, may be
used in combination with other soy protein 1solates provided
that the highly hydrolyzed soy protein 1solate content of the
combined soy protein 1solates 1s less than 40% of the com-
bined soy protein 1solates, by weight.

The soy protein 1solate utilized should have a water holding,
capacity sullicient to enable the protein in the 1solate to form
fibers upon extrusion. The water holding capacity of the soy
protein 1solate 1s a measure of the amount of swelling the
protein undergoes when hydrated. The swelling of the protein
should be suilicient to enable the protein to form intermo-
lecular contacts to permit fiber formation to occur. The soy
protein 1solate used 1n the process of the invention preferably
has a water holding capacity of at least 4.0 grams of water per
gram ol soy protein i1solate (as 1s) at pH 7.0, and more pret-
erably has a water holding capacity of at least 5.0 grams of
water per gram of soy protein 1solate (as 1s) at pH 7.0. The
water holding capacity 1s determined by using the centrifuge
method.

Non-highly hydrolyzed soy protein 1solates having a water
holding capacity of at least 4.0 grams of water per gram of soy
protein 1solate that are useful in the present invention are
commercially available.

Soy protein 1solates useful in the fibrous material may be
produced from soybeans according to conventional processes
in the soy protein manufacturing industry. Exemplary of such
a process, whole soybeans are initially detrashed, cracked,
dehulled, degermed, and defatted according to conventional
processes to form soy tlakes, soy flour, soy grits, or soy meal.
The soybeans may be detrashed by passing the soybeans
through a magnetic separator to remove 1ron, steel, and other
magnetically susceptible objects, followed by shaking the
soybeans on progressively smaller meshed screens to remove
so1l residues, pods, stems, weed seeds, undersized beans, and
other trash. The detrashed soybeans may be cracked by pass-
ing the soybeans through cracking rolls. Cracking rolls are
spiral-cut corrugated cylinders which loosen the hull as the
soybeans pass through the rolls and crack the soybean mate-
rial into several pieces. The cracked soybeans may then be
dehulled by aspiration. The dehulled soybeans are degermed
by shaking the dehulled soybeans on a screen of suificiently
small mesh size to remove the small sized germ and retain the
larger cotyledons of the beans. The cotyledons are then tlaked
by passing the cotyledons through a flaking roll. The flaked
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cotyledons are defatted by extracting o1l from the flakes by
mechanically expelling the o1l from the tlakes or by contact-
ing the flakes with hexane or other suitable lipophilic/hydro-
phobic solvent. The defatted flakes may be ground to form a
soy flour, a soy grit, or a soy meal, 11 desired.

The defatted soy flakes, soy flour, soy grits, or soy meal
1s/are then extracted with an aqueous alkaline solution, typi-
cally a dilute aqueous sodium hydroxide solution having a pH
of from 7.5 to 11.0, to extract protein soluble 1n an aqueous
alkaline solution from insolubles. The insolubles are soy
cotyledon fiber which 1s composed primarily of insoluble
carbohydrates. An aqueous alkaline extract containing the
soluble protein 1s subsequently separated from the insolubles,
and the extract 1s then treated with an acid to lower the pH of
the extract to around the 1soelectric point of the soy protein,
preferably to a pH of from 4.0 to 5.0, and most preferably to
a pH of from 4.4 to 4.6. The soy protein precipitates from the
acidified extract due to the protein’s lack of solubility 1n an
aqueous solution at or near 1ts 1soelectric point. The precipi-
tated protein curd i1s then separated from the remaining
extract. The separated protein may be washed with water to
remove residual soluble carbohydrates and ash from the pro-
tein material. The separated protein 1s then dried using con-
ventional drying means such as spray drying or tunnel drying,
to form a soy protein isolate.

Soy protein concentrate may be blended with the soy pro-
tein 1solate to substitute for a portion of the soy protein 1solate
as a source ol soy protein. Soy protein 1solates, 1n general,
have higher water holding capacity and form better fibers than
soy protein concentrates. Therefore, the amount of soy pro-
tein concentrate substituted for soy protein 1solate should be
limited to an amount that will permait sigmificant fiber forma-
tion 1n the extrudate. Preferably, 11 a soy protein concentrate 1s
substituted for a portion of the soy protein 1solate, the soy
protein concentrate 1s substituted for up to 40% of the soy
protein 1solate by weight, at most, and more preferably 1s
substituted for up to 30% of the soy protein 1solate by weight.

Soy protein concentrates usetul in the fibrous matenal are
commercially available. Soy protein concentrates useful 1n
the present invention may also be produced from soybeans
according to conventional processes in the soy protein manu-
facturing industry. For example, defatted soy flakes, soy tlour,
soy grits, or soy meal produced as described above may be
washed with aqueous ethanol (preferably 60% to 80% aque-
ous ethanol) to remove soluble carbohydrates from the soy
protein and soy fiber. The soy protein and soy fiber containing,
material 1s subsequently dried to produce the soy protein
concentrate. Alternatively, the defatted soy flakes, soy flour,
soy grits, or soy meal may be washed with an aqueous acidic
wash having a pH of from 4.3 to 4.8 to remove soluble
carbohydrates from the soy protein and soy fiber. The soy
protein and soy fiber contaiming material 1s subsequently
dried to produce the soy protein concentrate.

The soy cotyledon fiber utilized in the fibrous material
should effectively bind water when the mixture of soy protein
material and soy cotyledon fiber are co-extruded. By binding
water, the soy cotyledon fiber induces a viscosity gradient
across the extrudate as the extrudate 1s extruded through a
cooling die, thereby promoting the formation of protein
fibers. To effectively bind water for the purposes of the pro-
cess of the present invention, the soy cotyledon fiber should
have a water holding capacity of at least 5.50 grams of water
per gram of soy cotyledon fiber, and preferably the soy coty-
ledon fiber has a water holding capacity of at least 6.0 grams
of water per gram of soy cotyledon fiber. It 1s also preferable
that the soy cotyledon fiber has a water holding capacity of at
most 8.0 grams of water per gram of soy cotyledon fiber.
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The soy cotyledon fiber 1s a complex carbohydrate and 1s
commercially available. Soy cotyledon fiber useful in the
process ol the present invention may also be produced
according to conventional processes in the soy processing
industry. For example, defatted soy flakes, soy flour, soy grits,
or soy meal produced as described above may be extracted
with an aqueous alkaline solution as described above with
respect to the production of a soy protein i1solate to separate
the msoluble soy cotyledon fiber from the aqueous alkaline
soluble soy protein and carbohydrates. The separated soy
cotyledon fiber 1s then dnied, preferably by spray drying, to
produce a soy cotyledon fiber product. Soy cotyledon fiber 1s
generally present in the fibrous material at from 1% to 8%,
preferably at from 1.5% to 7.5% and most preferably at from
2% to 5% by weight on a moisture free basis.

The invention provides the use of soybean proteins for the
generation of a biomaternial usetul for engineering applica-
tions. When deprived from its o1l component, soybean flour 1s
a natural composite mainly constituted by proteins and car-
bohydrates. The production of the soybean milk from the
ground tlour and 1ts processing into cheese of different texture
by calcium solutions have been largely explored in food
industry to provide healthy alimentary products. The disclo-
sure presented herein demonstrate the production of a soy-
based biomaterial that can be used to support the growth of
cells and therefore demonstrate the applicability of soy 1n the
biomedical field.

The invention provides fibers as well as nanofibrous bio-
compatible biomatrices electrospun from a natural product
such as soy. In some 1nstances, the natural product 1s blended
with a synthetic polymer, such as poly(ethylene oxide) (PEO)
to produce a tissue engineering scaffold. The particular
blends provide a unique mix of mechanical and physical
properties that facilitates cell penetration and proliferation
within the scaffolds without crosslinking.

Methods of Making a Scatlold

The scatiolds of the invention can be produced 1n a variety
of ways. In an exemplary embodiment, the scatfold can be
produced by electrospinning. Electrospinning 1s an atomiza-
tion process of a conducting tluid which exploits the interac-
tions between an electrostatic field and the conducting fluid.
When an external electrostatic field 1s applied to a conducting
fluid (e.g., a semi-dilute polymer solution or a polymer melt),
a suspended conical droplet 1s formed, whereby the surface
tension of the droplet 1s 1n equilibrium with the electric field.
Electrostatic atomization occurs when the electrostatic field
1s strong enough to overcome the surface tension of the liquid.
The liquid droplet then becomes unstable and a tiny jet 1s
ejected from the surface of the droplet. As 1t reaches a
grounded target, the material can be collected as an 1ntercon-
nected web contaiming relatively fine, 1.e. small diameter,
fibers. The resulting films (or membranes) from these small
diameter fibers have very large surface area to volume ratios
and small pore sizes. A detailed description of electrospin-

ning apparatus 1s provided in Zong, et al., 2002 Polymer 43:
4403-4412; Rosen et al., 1990 Ann Plast Surg 25: 375-87;

Kim, K., Biomatenials 2003, 24: 4977-85; Zong, X., 2005
Biomaternials 26: 5330-8. After electrospinninng, extrusion
and molding can be utilized to further fashion the polymers.
To modulate fiber organization into aligned fibrous polymer
scalfolds, the use of patterned electrodes, wire drum collec-

tors, or post-processing methods such as uniaxial stretching
has been successtul. Zong, X., 2005 Biomaterials 26: 5330-8;

Katta, P., 2004 Nano Lett 4: 2215-2218; L1, D., 2005 Nano
Lett 5: 913-6.

The protein solution comprising a product derived from a
plant can be produced 1n one of several ways. One method
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involves dissolving the subsequent plant product in an appro-
priate solvent. This process can be accomplished 1n a syringe
assembly or 1t can be subsequently loaded into a syringe
assembly. Another method involves purchasing commer-
cially available polymer solutions or commercially available
polymers and dissolving them to create polymer solutions.
For example, poly(ethylene oxide) (PEO) can be purchased
from Sigma (Sigma, St. Louis, Mo.), poly-L-lactide (PLLA)
can be purchased from DuPont (Wilmington, Del.), poly(lac-
tide-co-glycolide) can be purchased from Ethicon (Somer-
ville, N.J.). Additional polymer scatfold components of the
invention, such as cells and biomolecules, are also commer-

cially available from suppliers.

The protein solution comprising a product derived from a
plant used to form scatiold 1s first dissolved 1n a solvent. The
solvent can be any solvent which 1s capable of dissolving the
plant product and/or subunits thereof. Typical solvents

include a solvent selected from N,N-Dimethyl formamaide
(DMF), tetrahydroturan (THF ), methylene chloride, dioxane,
cthanol, hexafluoroisopropanol (HFIP), chloroform, 1,1,1,3,
3.3-hexafluoro-2-propanol (HFP), glacial acetic acid, water,
and combinations thereof.

The protein solution can optionally contain a salt which
creates an excess charge effect to facilitate the electrospin-
ning process. Examples of suitable salts include NaCl,
KH,PO,, K.HPO,, KIO;, KCl, MgSO_,, MgCl,, NaHCOj;,
CaCl, or mixtures of these salts.

The protein solution forming the conducting tluid preter-
ably has a protein concentration in the range of about 1 to
about 80 wt %, more preferably about 8 to about 60 wt %.

The electric field created 1n the electrospinning process
preferably 1s 1n the range of about 5 to about 100 kilovolts
(kV), more preferably about 10 to about 50 kV. The feed rate
of the conducting fluid to the spinneret (or electrode) prefer-
ably 1s 1n the range of about 0.1 to about 1000 microliters/min,
more preferably about 1 to about 250 microliters/min.

The single or multiple spinnerets sit on a platform which 1s
capable of being adjusted, varying the distance between the
platform and the grounded collector substrate. The distance
can be any distance which allows the solvent to essentially
completely evaporate prior to the contact of the polymer with
the grounded collector substrate. In an exemplary embodi-
ment, this distance can vary from 1 cm to 25 cm. Increasing
the distance between the grounded collector substrate and the
platform generally produces thinner fibers.

In electrospinning cases where a rotating mandrel 1s
required, the mandrel 1s mechanically attached to a motor,
often through a drill chuck. In an exemplary embodiment, the
motor rotates the mandrel at a speed of between about 1
revolution per minute (rpm) to about 500 rpm. In an exem-
plary embodiment, the motor rotation speed of between about
200 rpm to about 500 rpm. In another exemplary embodi-
ment, the motor rotation speed of between about 1 rpm to
about 100 rpm.

Additional embodiments or modifications to the electro-
spinning process and apparatus are described herein.

The mnvention also includes combinations of natural mate-
rials, combinations of synthetic materials, and combinations
of both natural and synthetic materials. Examples of combi-
nations include, but are not limited to: blends of different
types of collagen (e.g. Type I with Type 11, Type I with Type
I11, Type II with Type 111, etc.); blends of one or more types of
collagen with fibrinogen, thrombin, elastin, PGA, PLA, and
polydioxanone; and blends of fibrinogen with one or more
types of collagen, thrombin, elastin, PGA, PLA, and poly-
dioxanone.
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The electroprocessed material of the present invention can
result from the electroprocessing of natural materials, syn-
thetic materials, or combinations thereof. Examples include
but are not limited to amino acids, peptides, denatured pep-
tides such as gelatin from denatured collagen, polypeptides,
proteins, carbohydrates, lipids, nucleic acids, glycoproteins,
lipoproteins, glycolipids, glycosaminoglycans, and pro-
teoglycans.

Some preferred materials to be electroprocessed are natu-
rally occurring extracellular matrix materials and blends of
naturally occurring extracellular matrix materials, including,
but not limited to collagen, fibrin, fibrinogen, thrombin, elas-
tin, laminin, fibronectin, hyaluronic acid, chondroitin 4-sul-
fate, chondroitin 6-sulfate, dermatan sulfate, heparin sulfate,
heparin, and keratan sulfate, and proteoglycans. Especially
preferred materials for electroprocessing include collagen,
fibrin, fibrinogen, thrombin, fibronectin, and combinations
thereof. Some collagens that are used include but are not
limited to collagen types I, 11, 111, IV, V, VI, VII, VIII, IX, X,
X1, XII, XIII, XTIV, XV, XVI, XVII, XVIII, and XIX. Some
preferred collagens include types 1, 11, and II1. These proteins
may be 1n any form, including but not limited to native and
denatured forms. Other preferred materials for electropro-
cessing are carbohydrates such as polysaccharides (e.g. cel-
lulose and 1ts derivatives), chitin, chitosan, alginic acids, and
alginates such as calctum alginate and sodium alginate. These
materials may be isolated from plant products, humans or
other organisms or cells or synthetically manufactured. Some
especially preferred natural materials for electroprocessing
are collagen, fibrinogen, thrombin, fibrin, fibronectin, and
combinations thereof. Also included are crude extracts of
tissue, extracellular matrix material, extracts of non-natural
tissue, or extracellular matrix materials (1.e. extracts of can-
cerous tissue), alone or in combination. Extracts of biological
materials, including but are not limited to cells, tissues,
organs, and tumors may also be electroprocessed.

Collagen and fibrinogen can each been electrospun to pro-
duce fibers having repeating, band patterns along the length
of the fibers. These patterns are observable, for example with
transmission electron microscopy, and are typical of those
produced by natural processes. In some embodiments, the
banded pattern observed 1n electrospun collagen fibers 1s the
same as that produced by cells 1n vivo. In some embodiments,
the banding pattern 1n electrospun fibrinogen 1s the same as
that of fibrinogen found in normal clots formed 1n vivo. While
not wishing to be bound by any particular theory, 1t 1s believed
that the banding apparent along natural collagen fibers results
from the helical pattern of the protein chains 1n the collagen,
while the banding in fibrinogen 1n vivo results from close
packing of individual fibrin molecules 1n a stacked configu-
ration. In some of these embodiments, the compositions are
composed of fibrous webs rather than networks characteristic
of fibrin clots. Further, in some embodiments, electropro-
cessed fibrinogen 1s not soluble in water, unlike native
fibrinogen.

The mvention includes all natural or natural-synthetic
hybrid compositions that result from the electroprocessing of
any material. Materals that change 1n composition or struc-
ture before, during, or aiter electroprocessing are within the
scope of the invention.

It 15 to be understood that these electroprocessed materals
may be combined with other materials and/or substances in
forming the compositions of the present mmvention. For
example, 1n some embodiments an electroprocessed peptide
1s combined with an adjuvant to enhance immunogenicity
when 1mplanted subcutaneously. Electroprocessed materials
in some embodiments are prepared at very basic or acidic pHs
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(for example, by electroprocessing from a solution having a
specific pH) to accomplish the same effect. As another
example, an electroprocessed matrix, containing cells, may
be combined with an electroprocessed biologically compat-
ible polymer and growth factors to stimulate growth and
division of the cells in the electroprocessed matrix.

Synthetic materials electroprocessed for use 1n the scatfold
include any matenals prepared through any method of artifi-
cial synthesis, processing, 1solation, or manufacture. The syn-
thetic materials are preferably biologically compatible for
administration in vivo or in vitro. Such polymers iclude but
are not limited to the following: poly(urethanes), poly(silox-
anes) or silicones, poly(ethylene), poly(vinyl pyrrolidone),
poly(2-hydroxy ethyl methacrylate), poly(N-vinyl pyrroli-
done), poly(methyl methacrylate), poly(vinyl alcohol), poly
(acrylic acid), polyacrylamide, poly(ethylene-co-vinyl
acetate), poly(ethylene glycol), poly(methacrylic acid), poly-
lactic acid (PLA), polyglycolic acids (PGA), poly(lactide-co-
glycolides) (PLGA), nylons, polyamides, polyanhydrides,
poly(ethylene-co-vinyl alcohol) (EVOH), polycaprolactone,
poly(vinyl acetate) (PVA), polyvinylhydroxide, poly(ethyl-
ene oxide) (PEO) and polyorthoesters or any other similar
synthetic polymers that may be developed that are biologi-
cally compatible. Some preferred synthetic materials include
PLA, PGA, copolymers of PLA and PGA, polycaprolactone,
poly(ethylene-co-vinyl acetate), EVOH, PVA, and PEO.
Polymers with cationic moieties are also preferred in some
embodiments. Examples of such polymers include, but are
not limited to, poly(allyl amine), poly(ethylene 1mine), poly
(lysine), and poly(arginine). The polymers may have any
molecular structure including, but not limited to, linear,
branched, grait, block, star, comb and dendrimer structures.
Matrices can be formed of electrospun fibers, electroaerosol,
clectrosprayed, or celectrosputtered droplets, electropro-
cessed powders or particles, or a combination of the forego-
ng.

By selecting different natural and synthetic materials, or
combinations thereof, many characteristics of the scatfold are
manipulated. The properties of the matrix comprised of elec-
troprocessed material and a substance may be adjusted. In
addition, selection of maternials for electroprocessing can
aifect the permanency of an implanted matrix. For example,
many matrices made by electroprocessing fibrinogen or fibrin

may degrade more rapidly while many matrices made of

collagen are more durable and many other matrices made by
clectroprocessing materials are more durable still. Thus, for
example, incorporation of durable synthetic polymers (e.g.

PLA, PGA) increase the durability and structural strength of

matrices electroprocessed from solutions of fibrinogen in
some embodiments. Use ol matrices made by electroprocess-
ing natural materials such as proteins derived from com,
wheat, potato, sorghums, tapioca, rice, arrow root, sago, soy-
bean, pea, suntlower, peanut, gelatin, and the like also mini-
mize rejection or immunological response to an implanted
matrix. Accordingly, selection of materials for electropro-
cessing and use 1n substance delivery i1s influenced by the
desired use.

In one embodiment, a skin patch of matenal electropro-
cessed from fibrin, fibrinogen, fibronectin, collagen or a com-
bination of one or more of these 1s combined with healing
promoters, analgesics and or anesthetics and anti-rejection
substances and applied to the skin and may subsequently
dissolve into the skin. In another embodiment, an electropro-

cessed implant for delivery to bone may be constructed of

materials useful for promoting bone growth, osteoblasts and
hydroxyapatite, and may be designed to endure for a pro-
longed period of time. In embodiments 1n which the matrix
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contains substances that are to be released from the matrix,
incorporating electroprocessed synthetic components, such
as biocompatible substances, can modulate the release of
substances from an electroprocessed composition. For
example, layered or laminate structures can be used to control
the substance release profile. Unlayered structures can also be
used, in which case the release 1s controlled by the relative
stability of each component of the construct. For example,
layered structures composed of alternating electroprocessed
materials are prepared by sequentially electroprocessing diif-
ferent materials onto a target. The outer layers are, for
example, tailored to dissolve faster or slower than the inner
layers. Multiple agents can be delivered by this method,
optionally at different release rates. Layers can be tailored to
provide a complex, multi-kinetic release profile of a single
agent over time. Using combinations of the foregoing pro-
vides for release of multiple substances released, each with its
own profile. Complex profiles are possible.

Natural components such as biocompatible substances can
be used to modulate the release of electroprocessed materials
or of substances from an electroprocessed composition. For
example, a drug or series of drugs or other materials or sub-
stances to be released 1n a controlled fashion can be electro-
processed 1nto a series of layers. In one embodiment, one
layer 1s composed of electroprocessed fibrinogen plus a drug,
the next layer PLA plus a drug, a third layer 1s composed of
polycaprolactone plus a drug. The layered construct can be
implanted, and as the successive layers dissolve or break
down, the drug (or drugs) 1s released in turn as each succes-
stve layer erodes. In some embodiments, unlayered structures
are used, and release 1s controlled by the relative stability of
cach component of the construct.

In some embodiments, the electroprocessed material itself
may provide a therapeutic effect. Non-limiting examples of a
material that has a therapeutic effect 1s electroprocessed
fibrinogen, thrombin, fibrin, or combinations thereof. For
example, thrombin converts fibrinogen to {ibrin. Fibrin assists
in arrest of bleeding (hemostasis). Fibrin 1s a component of
the provisional matrix that 1s laid down during the early stages
of healing and may also promote the growth of vasculature 1n
adjacent region. In many ways fibrin 1s a natural healing
promoter. In some embodiments, electroprocessed fibrinogen
also assists 1 healing. When placed in contact with a wound
ol a patient, such an electroprocessed maternal provides the
same healing properties as fibrin.

Method for Forming Matrices or Scaifolds

The biocompatible scatfold may be shaped using methods
such as, for example, solvent casting, compression molding,
fllament drawing, meshing, leaching, weaving, foaming,
clectrospinning and coating. In solvent casting, a solution of
one or more proteins in an appropriate solvent, 1s cast as a
branching pattern relief structure. After solvent evaporation, a
thin film 1s obtained. In compression molding, a polymer 1s
pressed at pressures up to 30,000 pounds per square inch nto
an appropriate pattern. Filament drawing involves drawing
from the molten polymer and meshing mvolves forming a
mesh by compressing fibers into a felt-like matenal. In leach-
ing, a solution containing two materials 1s spread into a shape
close to the final form of the artificial organ. Next a solvent 1s
used to dissolve away one of the components, resulting in
pore formation. (See U.S. Pat. No. 5,514,378 to Mikos).

The scatfold may be shaped into any number of desirable
configurations to satisty any number of overall system, geom-
etry or space restrictions. For example, 1n the use of the
scaffold for bladder, urethra, valve, or blood vessel recon-
struction, the matrix or scatfold may be shaped to conform to
the dimensions and shapes of the whole or a part of the tissue.
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The scatfold may be shaped 1n different sizes and shapes to
conform to the organs of differently sized patients. For blad-
ders, the scafiold should be shaped such that after its biodeg-
radation, the resulting reconstructed bladder may be collaps-
ible when empty 1n a fashion similar to a natural bladder. The
matrix or scaifold may also be shaped 1n other fashions to
accommodate the special needs of the patient.

In one embodiment, the scatfolds are seeded with one or
more populations of cells to form an artificial organ construct.
The artificial organ construct can be autologous, where the
cell populations are dertved from the subject’s own tissue, or
allogenic, where the cell populations are dertved from
another subject within the same species as the patient. The
artificial organ construct can also be xenogenic, where the
different cell populations are derived form a mammalian spe-
cies that 1s different from the subject. For example the cells
can be dertved from organs of mammals such as humans,
monkeys, dogs, cats, mice, rats, cows, horses, pi1gs, goats and
sheep.

Cells can be 1solated from a number of sources, including,
for example, biopsies from living subjects and whole-organ
recover from cadavers. The 1solated cells are preferably
autologous cells, obtained by biopsy from the subject
intended to be the recipient. For example, a biopsy of skeletal
muscle from the arm, forearm, or lower extremities, or
smooth muscle from the area treated with local anesthetic
with a small amount of lidocaine injected subcutaneously,
and expanded in culture. The biopsy can be obtained using a
biopsy needle, a rapid action needle which makes the proce-
dure quick and simple.

Cells may be 1solated using techniques known to those
skilled 1n the art. For example, the tissue or organ can be
disaggregated mechanically and/or treated with digestive
enzymes and/or chelating agents that weaken the connections
between neighboring cells making 1t possible to disperse the
tissue 1nto a suspension ol individual cells without appre-
ciable cell breakage. Enzymatic dissociation can be accom-
plished by mincing the tissue and treating the minced tissue
with any of a number of digestive enzymes either alone or in
combination. These include but are not limited to trypsin,
chymotrypsin, collagenase, elastase, and/or hyaluronidase,
DNase, pronase and dispase. Mechanical disruption can also
be accomplished by a number of methods including, but not
limited to, scraping the surface of the organ, the use of grind-

ers, blenders, sieves, homogenizers, pressure cells, or 1nsoni-
cators.

Preferred cell types include, but are not limited to, urothe-
lial cells, mesenchymal cells, especially smooth or skeletal
muscle cells, myocytes (muscle stem cells), fibroblasts, chon-
drocytes, adipocytes, fibromyoblasts, and ectodermal cells,
including ductile and skin cells, hepotocytes, Islet cells, cells
present 1n the intestine, and other parenchymal cells, osteo-
blasts and other cells forming bone or cartilage. In some
cases, 1t may also be desirable to include nerve cells. In other
cases, 1t mal be desirable to include stem cells.

Once the tissue has been reduced to a suspension of indi-
vidual cells, the suspension can be fractionated into subpopu-
lations from which the cells elements can be obtained. This
also may be accomplished using standard techniques for cell
separation including, but not limited to, cloning and selection
of specific cell types, selective destruction of unwanted cells
(negative selection), separation based upon differential cell
agglutinability 1n the mixed population, freeze-thaw proce-
dures, differential adherence properties of the cells 1n the
mixed population, filtration, conventional and zonal centrifu-
gation, centrifugal elutriation (counterstreaming centrifuga-
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tion), unit gravity separation, countercurrent distribution,
clectrophoresis and tluorescence-activated cell sorting.

Cell fractionation may also be desirable, for example,
when the donor has diseases such as cancer or metastasis of
other tumors to the desired tissue. A cell population may be
sorted to separate malignant cells or other tumor cells from
normal noncancerous cells. The normal noncancerous cells,
1solated from one or more sorting techniques, may then be
used for organ reconstruction.

Isolated cells can be cultured in vitro to increase the num-
ber of cells available for coating the biocompatible scatiold.
The use of allogenic cells, and more preferably autologous
cells, 1s preferred to prevent tissue rejection. However, 11 an
immunological response does occur 1n the subject after
implantation of the artificial organ, the subject may be treated
with 1immunosuppressive agents such as, cyclosporin or
FK506, to reduce the likelihood of rejection. In certain
embodiments, chimeric cells, or cells from a transgenic ani-
mal, can be coated onto the biocompatible scatiold.

Isolated cells may be transiected prior to coating with
genetic material. Useful genetic material may be, for
example, genetic sequences which are capable of reducing or
climinating an immune response in the host. For example, the
expression of cell surface antigens such as class I and class 11
histocompatibility antigens may be suppressed. This may
allow the transplanted cells to have reduced chance of rejec-
tion by the host. In addition, transtection could also be used
for gene delivery.

Isolated cells can be normal or genetically engineered to
provide additional or normal function. Methods for geneti-
cally engineering cells with retroviral vectors, polyethylene
glycol, or other methods known to those skilled 1n the art can
be used. These include using expression vectors which trans-
port and express nucleic acid molecules in the cells. (See
Goeddel; Gene Expression Technology: Methods 1n Enzy-
mology 185, Academic Press, San Diego, Calif. (1990).

Vector DNA 1s introduced into prokaryotic or cells via
conventional transformation or transiection techniques. Suit-
able methods for transforming or transfecting host cells can
be found 1n Sambrook et al. (Molecular Cloning: A Labora-
tory Manual, 3nd Edition, Cold Spring Harbor Laboratory
press (2001)), and other laboratory textbooks.

Seeding of cells onto the matrix or scaffold can be per-
formed according to standard methods. For example, the
seeding of cells onto polymeric substrates for use in tissue
repair has been reported (see, e.g., Atala, A. et al., J. Urol.
148(2 Pt 2): 658-62 (1992); Atala, A., etal. J. Urol. 150 (2 Pt
2): 608-12 (1993)). Cells grown in culture can be trypsinized
to separate the cells, and the separated cells can be seeded on
the matrix. Alternatively, cells obtained from cell culture can
be lifted from a culture plate as a cell layer, and the cell layer
can be directly seeded onto the scatiold without prior sepa-
ration of the cells.

In a preferred embodiment, 1n the range of 1 million to 700
S0 million cells are suspended 1n medium and applied to each
square centimeter of a surface of a scaffold. Preferably,
between 1 million and 50 million cells, and more preferably,
between 1 million and 10 million cells are suspended 1n media
and applied to each square centimeter of a surface of a scat-
told. The matrix or scaffold 1s incubated under standard cul-
turing conditions, such as, for example, 37° C., 5% CO.,, for
a period of time until the cells attached. However, 1t will be
appreciated that the density of cells seeded onto the scatiold
can be varied. For example, greater cell densities promote
greater tissue regeneration by the seeded cells, while lesser
densities may permit relatively greater regeneration of tissue
by cells infiltrating the graft from the host. Other seeding
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techniques may also be used depending on the matrix or
scatfold and the cells. For example, the cells may be applied
to the matrix or scaifold by vacuum filtration. Selection of cell
types, and seeding of cells onto a scatfold, will be routine to
one of ordinary skill in the art 1n light of the teachings herein.

In one embodiment, the scaffold 1s seeded with one popu-
lation of cells to form an artificial organ construct. In another
embodiment, the matrix or scaffold 1s seeded on two sides
with two different populations of cells. This may be per-
tormed by first seeding one side of the matrix or scaifold and
then seeding the other side. For example, the scaifold may be
placed with one side on top and seeded. Then the matrix or
scalfold may be repositioned so that a second side 1s on top.
The second side may then be seeded with a second population
of cells. Alternatively, both sides of the matrix or scaffold may
be seeded at the same time. For example, two cell chambers
may be positioned on both sides (i1.e., a sandwich) of the
scaffold. The two chambers may be filled with different cell
populations to seed both sides of the matrix or scatfold simul-
taneously. The sandwiched scaffold may be rotated, or flipped
frequently to allow equal attachment opportunity for both cell
populations. Simultaneous seeding may be preferred when
the pores of the matrix or scatfold are sufliciently large for
cell passage from one side to the other side. Seeding the
scaffold on both sides simultaneously can reduce the likeli-
hood that the cells would migrate to the opposite side.

In another embodiment, two separate scatfolds may be
seeded with different cell populations. After seeding, the two
matrices may be attached together to form a single matrix or
scalfold with two different cell populations on the two sides.
Attachment of the scaflolds to each other may be performed
using standard procedures such as fibrin glue, liquid co-poly-
mers, sutures and the like.

In order to facilitate cell growth on the scafiold of the
present invention, the scaffold may be coated with one or
more cell adhesion-enhancing agents. These agents include
but are not limited collagen, laminin, and fibronectin. The
scaifold may also contain cells cultured on the scatiold to
form a target tissue substitute. The target tissue that may be
formed using the scatiold of the present invention may be an
arterial blood vessel, wherein an array of microfibers 1s
arranged to mimic the configuration of elastin 1n the medial
layer of an arterial blood vessel. In the alternative, other cells
may be cultured on the scatiold of the present invention.
These cells include, but are not limited to, cells cultured on
the scaffold to form a blood vessel substitute, epithelial cells
cultured on the scaffold to form epithelial tissue, muscle cells
cultured on the scaffold to form muscle tissue, endothelial
cells cultured on the scatftold to form endothelial tissue, skel-
ctal muscle cells cultured on the scaffold to form skeletal
muscle tissue, cardiac muscle cells cultured on the scaftfold to
form cardiac muscle tissue, collagen fibers cultured on the
scaffold to form cartilage, interstitial valvular cells cultured
on the scatlold to form valvular tissue and mixtures thereof.
Therapeutic Application

Gratting of scatfolds to an organ or tissue to be augmented
can be performed according to the methods described 1n
herein or according to art-recogmzed methods. The matrix or
scalfold can be grafted to an organ or tissue of the subject by
suturing the graft material to the target organ. Implanting a
neo-organ construct for total organ replacement can be per-
tormed according to the methods described herein or accord-
ing to art-recognized surgical methods. The scatifold 1s also
usetul for delivery of biologics, enzymes that activate drugs,
protease inhibitors, and the like.

In one embodiment, the invention includes the use of the
natural protein based scatiolds as a platform to direct wound
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healing by the induction of native skin fibroblasts and kera-
tinocytes to populate the scatfolds and secrete appropriate
matrix components. In some 1nstances, the scatfold can also
include desirable cells. For example, the scaffold can
included cells that have the ability to express angilogenic
growth factors and cytokines, secrete wound healing related
cytokines, secrete collagen, and promote wound healing 1n
VIVO.

Scaifolds of the imnvention described can be usetul for clini-
cal and personal wound care and soft tissue regeneration. In
one aspect of the invention, scaffold 1s used as a wound
dressing or graft for external skin wounds. In a clinical set-
ting, the scatfold can be used to treat wounds resulting from
trauma, burns, ulcers, abrasions, lacerations, surgery, or other
damage. Surgeons can use these graits to cover and protect
the wound area, to temporarily replace lost or damaged skin
tissue, and to guide new tissue generation and wound healing
into the damaged area. In a clinical setting, the scatiold may
be secured to the wound area using sutures, adhesives, or
overlaying bandages. The scatlold may be cut to match the
s1ze of the wound, or may overlap the wound edges.

In another aspect of the mvention, the scaffold may be
tailored for personal/home care by combining the sheet with
an adhesive backing to create a scatfold bandage. An adhesive
section can hold the scatiold 1n place on a wounded area and
can be removed when the fibers degrade or fuse with the
tissue. The scatfold sheet may also be secured with a liquid or
gel adhesive.

In another aspect of the mvention, scaifold sheets can be
used as gauze to absorb fluid and protect large wounds. This
scalfold gauze can be wrapped around a wounded area or
secured with tape.

In another aspect of the mvention, scaffold sheets can be
used to treat internal soit tissue wounds such as wounds 1n the
amniotic sac, ulcers in the gastrointestinal tract or mucous
membranes, gingival damage or recession, internal surgical
incisions or biopsies, etc. The scatiold grafts can be sutured or
adhered 1nto place to fill or cover the damaged tissue area.

The scaffold has numerous characteristics that are useful
for wound healing. First, the polymer scafiolds described
herein that include nanofibers are both nano-porous and
breathable. They can prevent microbes and infectious par-
ticles from crossing through, but they allow air flow and
moisture penetration which are critical in natural wound heal-
ng.

Second, the fibers 1n this mmvention are biodegradable,
which allows for temporary wound coverage followed by
eventual ingrowth of new tissue. The choice of matenal for
scalfold wound dressings can be determined to match the
natural tissue characteristics including mechanical strength
and rate of degradation/tissue regeneration.

Third, the scatfolds may be embedded or conjugated with
various factors which may be released upon degradation.
These factors may include, but are not limited to epidermal
growth factor (EGF), platelet derived growth factor (PDGF),
basic fibroblast growth factor (bFGF), transforming growth
tactor-f3 (TGF-[3), and tissue inhibitors of metalloproteinases
(TIMP), which have been shown to be beneficial 1n wound
healing. Additional wound healing factors such as antibiotics,
bacteriocides, fungicides, silver-containing agents, analge-
sics, and nitric oxide releasing compounds can also be incor-
porated into the scaifold wound dressings or graits.

Fourth, scatiold graits for wound healing may be seeded
with cells for faster tissue regeneration and more natural
tissue structure. These cells may include, but are not limited
to fibroblasts, keratinocytes, epithelial cells, endothelial cells,
mesenchymal stem cells, and/or embryonic stem cells.
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Fifth, the nano-scale architecture of the nanofibrous scat-
tolds closely mimics that of the extracellular matrix (ECM) of
many common soit tissues. For example, the nano-scale
fibers are structurally similar to collagen fibrils found in skin
and other tissues. This architecture may prevent scar forma-
tion by providing an organized scafifold for cells to migrate
into a wound. In this aspect of the invention, alignment of the
scalfold 1s preferred to keep cells aligned and organized,
rather than allowing them to arrange randomly as in the
formation of scar tissue. Aligned scaffolds may be oriented
with respect to a given axis of the wound to allow faster tissue
ingrowth and wound coverage.

Scatfold alignment can also be used to closely match the
architecture of natural tissue ECM. This may include fiber
alignment 1n a single direction, criss-cross alignment 1n
orthogonal directions, or more complicated fiber architecture.
In this instance of the invention, the scaffold includes mul-
tiple layers of fibers with specific fiber orientation 1n each
layer. Similarly, each individual scatfold layer may also con-
tain a speciic factor or cell type such as the ones listed
previously. This allows for creation of polymer scaffolds that
can closely match natural tissue architecture and composi-
tion. For example, a simple scatfold wound dressing or graft
might include a single layer of aligned fibers. On the other
hand, a more complex scatffold skin grait might include mul-
tiple aligned fiber sheets layered 1n a criss-cross pattern with
fibroblasts 1n the bottom sheets and keratinocytes 1n the top
sheet, as well as bFGF 1n the bottom sheets and an antimicro-
bial agent 1n the top sheet. Other such combinations are
possible, depending on the specific needs of the patient.

In another embodiment, the scaffold can include a thera-
peutic agent. The therapeutic agent can be an anfti-tumor
agent including but not limited to a chemotherapeutic agent,
an anti-cell proliferation agent or any combination thereof.

The mvention should not limited to any particular chemo-
therapeutic agent. Rather, any chemotherapeutic agent can be
linked to the antibodies of the invention. For example, any
conventional chemotherapeutic agents of the following non-
limiting exemplary classes are included in the invention:
alkylating agents; nitrosoureas; antimetabolites; antitumor
antibiotics; plant alkyloids; taxanes; hormonal agents; and
miscellaneous agents.

An anti-cell proliferation agent can turther be defined as an
apoptosis-inducing agent or a cytotoxic agent. The apoptosis-
inducing agent may be a granzyme, a Bcl-2 family member,
cytochrome C, a caspase, or a combination thereof. Exem-
plary granzymes include granzyme A, granzyme B,
granzyme C, granzyme D, granzyme E, granzyme L,
granzyme G, granzyme H, granzyme 1, granzyme I,
granzyme K, granzyme L, granzyme M, granzyme N, or a
combination thereot. In other specific aspects, the Bcel-2 fam-
i1ly member 1s, for example, Bax, Bak, Bcl-Xs, Bad, Bid, Bik,
Hrk, Bok, or a combination thereof.

In additional aspects, the caspase 1s caspase-1, caspase-2,
caspase-3, caspase-4, caspase-d, caspase-6, caspase-7/,
caspase-3, caspase-9, caspase-10, caspase-11, caspase-12,
caspase-13, caspase-14, or a combination thereot. In specific
aspects, the cytotoxic agent 1s TNF-a, gelonin, Prodigiosin, a
ribosome-inhibiting protein (RIP), Pseudomonas exotoxin,
Clostridium difficile Toxin B, Helicobacter pylori VacA,
Yersinia enterocolitica YopT, Violacein, diethylenetriamine-
pentaacetic acid, irofulven, Diptheria Toxin, mitogillin, ricin,
botulinum toxin, cholera toxin, saporin 6, or a combination
thereof.

The mnvention also encompasses tissue regeneration appli-
cations. The objective of the tissue regeneration therapy
approach 1s to deliver high densities of repair-competent cells
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(or cells that can become competent when influenced by the
local environment) to the defect site 1n a format that optimizes
both 1nitial wound mechanics and eventual neotissue produc-
tion. The composition of the instant invention 1s particularly
useiul in methods to alleviate or treat lung tissue defects in
individuals. Advantageously, the composition of the mven-
tion provides for improved lung tissue regeneration. Specifi-
cally, the tissue regeneration 1s achieved more rapidly as a
result of the imventive composition.

The composition of the imnvention may be admimstered to
an individual in need thereof 1 a wide variety of ways.
Preferred modes of administration include intravenous, intra-
vascular, imntramuscular, subcutaneous, intracerebral, intrap-
eritoneal, soft tissue injection, surgical placement, arthro-
scopic placement, and percutaneous insertion, e.g. direct
injection, cannulation or catheterization. Most preferred
methods result 1n localized administration of the inventive
composition to the site or sites of tissue defect. Any admin-
istration may be a single application of a composition of
invention or multiple applications. Administrations may be to
single site or to more than one site in the individual to be
treated. Multiple administrations may occur essentially at the
same time or separated 1n time.

EXPERIMENTAL EXAMPLES

The mvention 1s further described 1n detail by reference to
the following experimental examples. These examples are
provided for purposes of illustration only, and are not
intended to be limiting unless otherwise specified. Thus, the
invention should 1n no way be construed as being limited to
the following examples, but rather, should be construed to
encompass any and all variations which become evident as a
result of the teaching provided herein.

Example 1
Alimentary Protein-Based Scatiold

The following experiments were designed to generate bio-
materials that can be used as scafiolds for biomedical pur-
poses, such as tissue engineering. The results presented
herein demonstrate the feasibility of producing a scatfold
using plant products as the starting material. The scatfolds
were shown to support cell growth.

The materials and methods employed 1n these experiments
are now described.

Materials and Methods

Preparation of Protein Solutions

Soy protein 1solate (SPI) (obtained from Cargill Health and
Food Technologies, Minneapolis, Minn.) was blended with
poly(ethylene oxide) (PEO) (Sigma, St. Louis, Mo.) by first
dissolving 0.5% (w/v) PEO 1n 1,1,1,3,3,3-hexatluoro-2-pro-
panol (HFP) (Sigma) and adding appropriate volumes from
this stock solution to 5, 6, 7, and 8% (w/v) SPI in HFP
respectively. Blend solutions were left to stir at least 48 hours
before electrospinning to ensure complete dissolution.

Corn zein was dissolved at 35%, 40% and 45% (w/v) 1n
glacial acetic acid (Fisher Scientific) and left to stir at least 24
h before electrospinning.

Electrospinning of Protein Solutions

Fibers were electrospun by using a syringe pump (KD
Scientific Single Syringe Infusion Pump, Fisher) to eject
solution from a 3 mL syringe through an 18-gauge needle at
a delivery rate of 0.8 to 1.0 mL/h, air gap distance of 15 cm,
and accelerating voltage of 12 kV for SPI/PEO blend solu-

tions. For zein solutions, delivery rate was 0.5 mL/h, air gap
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distance was 15 cm, and accelerating voltage was 20 kV. For
cell culture specimens, 15 mm diameter glass coverslips were
attached to a rectangular aluminum collector and fiber-coated
coverslips were detached from the collector. For mats, fibers
were collected directly onto the aluminum collector.

Measurement of Fiber Diameters

Glass coverslips coated with electrospun fibers were
mounted onto metal stubs with carbon tape and sputter-
coated for 30 sec with platinum and palladium prior to visu-
alization 1n an environmental scanning electron microscope
(ESEM, XL-30 Environmental SEM-FEG). Images were
taken of different areas at 2000x original magnification and
measurements taken on UTHSCSA ImageTool 3.0 software
(n=100 for each specimen).

Dry samples were mounted as spun. To investigate the
degree of swelling with hydration over time, samples of 6%

SP1/0.05% PEO and 40% zein were immersed 1n Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1x phosphate buffered saline
(PBS) solution without calcium and magnesium, and tissue
culture grade water (Mediatech Inc., Herndon, Va.) separately
for 2 h, 24 h and 72 h. At these time points, samples were
removed with forceps and rinsed five times 1n fresh tissue
culture grade water before placing 1n a hybridization oven
overnight at 37° C.

Characterization of Mechanical Properties

Mats were electrospun and cut into rectangular pieces and
tensile tested using the Instron 5564 in dry and hydrated
states. For hydrated state, samples were immersed in DMEM
supplemented with 10% FBS {for at least 2 h to simulate a
physiological situation where proteases would be present.
Samples were tested at a gauge length of 15 mmona 10 N
load cell. Crosshead speed was 1 mm/min for dry samples and
10 mm/min for wet samples. The test was stopped at speci-
men break or a predetermined amount of strain, whichever
occurred first. Young’s modulus was calculated from the
slope of the first linear region of the stress-strain curve.

Cell Culture

Primary human dermal fibroblasts (HDF ), were cultured in
DMEM with 4.5 g/LL glucose supplemented with 10% FBS
and 2.5% penicillin/streptomycin (10,000 I.U./mL penicillin,
10,000 ng/mL streptomycin solution, Mediatech Inc., Hem-
don, Va.). Flasks were kept 1n sterile incubators at 37° C. and
5% CO,, and culture medium was changed twice per week. At
confluence, cells were detached from flasks using 0.25%
trypsin/2.21 mM EDTA and centrifuged in complete medium
prior to counting and using.

Alamar Blue Assay for Metabolic Activity

Fluorescence spectrophotometric reading was calibrated
against cells grown on tissue culture polystyrene (TCP) inside
a 24-well plate to determine the appropriate seeding density
prior to seeding cells onto scatiolds.

Cells were seeded at a density 01 30,000 per well 1n 200 pL
volumes onto scaffolds m triplicate 1n a 24-well plate. For
cach scaffold, one was kept unseeded as a blank to compen-
sate for the effect of scaffold material on the readings. Cells
were also seeded onto scaffolds electrospun from 20% PLGA
and 8% gelatin as synthetic and natural control matenals
respectively, and onto glass and TCP as controls for the entire
experiment.

After allowing the cells to attach to the scaffolds for 1 h,
medium with 10% (v/v) Alamar Blue (BD, Franklin Lakes,
N.J.) was added to each well to a total volume of 0.5 mL.
Plates were 1incubated at 37° C., 3% CO, for 3 hours before
supernatant from each well was transierred to a 96-well plate
in 200 ulL volumes 1in duplicate. Alamar Blue fluorescence
was read on a Cytofluor fluorescence spectrophotometer.
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Visualization of Cell Morphology on Scatfolds

Morphology of cells was assessed using fluorescence
microscopy and environmental scanning electron micros-
copy (ESEM). For fluorescence microscopy, cells were fixed
in 3.8% paratormaldehyde (Fisher) for 10 minutes, washed
three times with 1xPBS, and stained with 4 gig/ml. Hoechst
33238 (bisBenzimide, Sigma) (BBZ) and 2 ug/mL TRITC-
conjugated rhodamine phalloidin (phalloidin-tetramethyl-
rhodamine 3 1sothiocyanate, Sigma) 1 1xPBS with 0.2%
Triton-X100 for 15 minutes for nuclelr and actin cytoskeleton,
respectively. Samples were visualized on a Leica DMRX
upright microscope. Prior to visualizing in the SEM, samples
were fixed with 2.5% glutaraldehyde 1n PBS for 1 h at 4° C.
washed three times with 1xPBS, and dehydrated with a gra-
dient of ethanol at 15%, 30%, 50%, 75%, 85%, 90%, 95% and
100%. Dehydrated samples were dried using a critical point
dryer, mounted onto stubs with carbon tape and sputter coated
with platinum and palladium for 30 sec. Samples were visu-
alized 1n the SEM chamber at an accelerating voltage of 10
kV and spot size 3.

The results of the experiments are now described.
Variation of Fiber Morphology with Solution Concentration

It was observed that SPI/PEO blend fibers as well as zein
fibers followed the general trend of increasing 1n fiber width
or diameter with increasing protein concentration. Surpris-
ingly, lower content of PEO did not correlate to smaller fiber
diameters, although the same volume of solution yielded less
amount of electrospun fibers and the fibers were less uniform
than those from solutions with higher amounts of PEO (See
FIG. 1 and Table 1). The results presented 1n Table 1 are
summarized i FIG. 2 and FIG. 3. Specifically, FIG. 2 dem-
onstrates the vanation of fiber diameter with SPI and PEO
content; FIG. 3 demonstrates the variation of fiber diameter
with zein concentration.

TABL.

L]
[

Fiber width corresponding to protein concentration

% SPI (0.05% PEO) Width (nm) (n = 100)

5 702 £ 201
6 738 £ 195
7 852 + 373
8 1514 + 447
% zein Diameter (nm) (n = 100)
335 159 + 18
40 236 = 21
45 344 + 27

Variation of Fiber Diameters with Hydration

Fibers swelled to more than double their dry diameters
alter 2 hour of hydration 1n the case of SPI/PEO blend fibers.
It was observed that swelling decrease after 24 h. It was
observed that 6% SPI, 0.05% PEO fiber widths varied with
hydration for 2 hour and 24 hour in DMEM, PBS and H,O
(See Table 2 and FIG. 4). It was observed that 40% zein fiber
widths varied with hydration for 2 hour and 24 hour in

DMEM, PBS and H,0 (Table 3).
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TABLE 2

6% SPI, 0.05% PEO fiber diameter after hvdration

26

DMEM PBS H-0O
Dry 2h 24 h 2h 24 h 2h 24 h
738 £195 1639 £291 1555 £236 1687456 1549 =254 1644 = 363 n/a
10 . . .
TARI F 3 has proven to be extremely versatile 1n that 1t can be formu-
lated into films, powders, coatings, solids, gels or fibers
Zein fiber diameter affer hydration depending on the property it i1s intended to provide or
DMEM PR H.O enhance. From a biological standpoint, soy protein was cho-
15 sen as a possible biomaterial due to the bioactivity of 1ndi-
Dry 2h 24k 2h 24h  2h  24h vidual peptides and isoflavones that may be metabolized by
736 + 21 349 + 77 the body upon resorption of the scatlold. Despite 1ts versatil-
ity, however, the use of soy protein as a biomaterial has seen
.. . . . . . slow growth due to processing limitations and poor mechani-
Variation of Tensile Properties with Solution Concentration S . P S b
SPI/PEO blend and zein scatfolds had similar mechanical cal properties. lhe results presented herein the successful
properties and breaking mechanisms. Thinner dry specimens SEnet atlollll of a blﬁmz}ter lﬁl d\e;%??d from soy .betan lthat ;an
tended to break 1n a clean, brittle manner, while thicker speci- support t ¢ growth of cells. lle soy protein 1solate dis-
mens broke gradually as measured by the layers of fibers solved 1n bas‘es E_md 1,,.1,,1,3,,3,3-hexaﬂuoro-2-pr0panol
shearing apart (data not shown). Mimimal difference was . (HEP), the 50111'[1‘?{11 did not }zleld fibers when electrospun, !311’[
observed between mechanical properties of scatfolds with only electrospraying behavior. Hence, a small amount of high
variation in the protein contents investigated. Hydrated molecular weight (1,000,000) synthetic polymer, poly(ethyl-
Samp]es had a Young’s modulus of more than an order of ene OXIde) (PEO) was added in order to increase the chain
magnitude lower than dry samples, with a correspondingly entanglements, which resulted 1n yields of fibers.
higher elasticity as determined by the higher strain at break. Corn zein 1s an abundant byproduct of the bio-ethanol
Some specimens did not break at 200% strain. industry. The results presented herein demonstrate the suc-
TABLE 4
Young’s Modulus Ultimate Tensile
(MPa) Strength (MPa) Strain at Break (%)
dry hydrated dry hydrated Dry hydrated
SPI (%)
5 2647 £15.19 0.19 £0.19 0.92 £ 0.3%8 0.08 = 0.04 10.14 £ 2.33 R7.74 + 18.03
6 26.60 £ 7.58 0.17 047 +0.14 0.079 4.44 + 0.35 42,78
7 19.63 £4.43 0.19£0.12 0.40 = 0.11 0.12 £ 0.08 6.48 £1.01 67.51 +23.44
8 33.28 £12.12 0.14 0.75 £ 0.29 0.12 £ 0.01 5.22 £0.90 85.83 +5.11
Zein
(o)
35 21.07 £6.21 0.75 £0.90 0.94 = 0.39 0.39 £ 0.12 n/a
40 11.63 = 7.08 0.96 £0.27 051 £0.23 0.098 £0.015 12.14 +5.08 63.48 +11.47
43 21.59 £ 6.86 0.043 £0.012 040x0.13 0.066 £ 0.025
SPI/PEO and Zein Scatiolds Support Cellular Growth and 50 cessiul generation of a biomaterial dertved from Corn zein

Proliferation

The next set of experiments were designed to assess
whether the engineered scatiolds would support cell growth.
Cells were seeded onto each respective scatiold (SPI/PEO
and zein scafiold). Cells were also seeded onto scaffolds
clectrospun from 20% PLGA and 8% gelatin as synthetic and
natural control materials, respectively. It was observed that

human dermal fibroblasts grew able to grow on the engi-
neered scatfolds (FIG. 5: a) 5% SPI, 0.05% PEQO; b) 6% SPI,

0.05% PEQO; ¢) 7% SPI, 0.05% PEO; d) 8% SPI, 0.05% PEO;
¢) 8% gelatin; 1) 20% PLGA.)
Electrospun Scaifolds from Soy Protein Isolate (SPI)/Poly-
cthylene Oxide (PEO) Blend and Zein for Skin Wound Heal-
ing

Soy protein has long been exploited for use as industrial
replacements for more expensive and less eco-friendly mate-
rials 1n textiles, plastics, adhesives and food applications. It
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65

which was able to support growth of cells. Electrospinning of
zein was optimized using glacial acetic acid as solvent to
produce uniform, tubular nanofibers.

The results presented herein shown that SPI, with the addi-
tion of a small amount of PEO, can be formed into stable,
hydrolysis-resistant submicron fibers that support cellular
attachment, growth and proliferation. In addition, zein can be
clectrospun 1nto stable nanofibers without the need for syn-
thetic additives or crosslinking. No significant difference was
observed 1n the mechanical properties and cellular behavior
between SPI/PEO and zein nanofiber scatiolds.

Both SPI/PEO blend fibers as well as zein fibers remained
stable 1n aqueous environments without external crosslink-
ing. The results presented herein demonstrate that proteina-
ceous products from natural products otherwise referred to as
“oreen’ proteins provide a platform for directed wound heal-
ing by the induction of native skin fibroblasts and kerati-
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nocytes to populate the scatiolds and secrete appropriate
matrix components and balanced signals. Although cell cul-
ture medium contains proteases that may degrade soy pro-
teins and zein over time, the observation of a more rapid
degradation of the scaffolds 1n medium compared to other
aqueous solutions such as PBS and water over 8 days did not
occur. Without wishing to be bound by any particular theory,
it 15 believed that this observation was due to the protective or
plasticizing eifect of the serum 1n the medium.

The results presented herein demonstrate that products
derived from alimentary plants, such as soybean and corn
amongst other things, provide a platform for skin regenera-
tion with the advantages of remaining stable without further
crosslinking. The results presented herein describes a novel
class of biomaterials.

The disclosures of each and every patent, patent applica-
tion, and publication cited herein are hereby incorporated
herein by reference 1n their entirety.

While this invention has been disclosed with reference to
specific embodiments, 1t 1s apparent that other embodiments
and variations of this mvention may be devised by others
skilled 1n the art without departing from the true spirit and
scope of the mvention. The appended claims are intended to
be construed to include all such embodiments and equivalent
variations.

What 1s claimed:

1. An electroprocessed composition comprising:

a synthetic polymer and soy protein 1solate.

2. The composition of claim 1, wherein said electropro-
cessed composition 1s electrospun.

3. The composition of claim 1, wherein said composition 1s
suitable for use as a wound dressing or skin gratit.

4. The composition of claim 1, wherein said composition 1s
capable of supporting cell growth.

5. The composition of claim 1, wherein said composition 1s
capable of supporting the maintenance of a differentiation
state of a cell.

6. The composition of claim 1, further comprising a cell.

7. The composition of claim 6, wherein said cell 1s geneti-
cally modified.

8. The composition of claim 1 further comprising a mate-
rial selected from the group consisting of flbronectin, lami-
nin, collagen, glycoprotein, thrombospondin, elastin, fibril-
lin, mucopolysaccharide, glycolipid, heparin sulfate,
chondroitin sulfate, keratin sulfate, glycosaminoglycan,
hyaluronic acid, proteoglycan, vitronectin, poly-D-lysine,
polysaccharide, and any combination thereof.

9. The composition of claim 1 further comprising an adhe-
SIve.

10. The composition of claim 1, wherein said synthetic
material polymer 1s selected from the group consisting of
poly (epsilon-caprolactone) (PCL), poly (lactic acid) (PLA),
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poly (glycolic acid) (PGA), copolymers poly (lactide-co-gly-
colide) (PLGA), polyaniline, poly(ethylene oxide) (PEO),
and any combination thereof.

11. A method of making a composition comprising a syn-
thetic polymer and soy protein isolate the method compris-
ng:

obtaining soy protein 1solate and dissolving the soy protein

1solate 1n a solvent to produce a soy protein solution;
combining the soy protein solution with a synthetic poly-
mer; and

subjecting the soy protein solution to electroprocessing to

produced electroprocessed fibers.

12. The method of claim 11, wherein said electroprocess-
ing 1s electrospinning, and wherein said electroprocessed

fibers are electrospun fibers.

13. The method of claim 11, wherein said soy protein
1solate 1s blended with the synthetic polymer poly(ethylene
oxide) (PEQO).

14. The method of claim 11, wherein said synthetic poly-
mer 1s selected from the group consisting of poly (epsilon-
caprolactone) (PCL), poly (lactic acid) (PLA), poly (glycolic
acid) (PGA), copolymers poly (lactide-co-glycolide)
(PLGA), polyanmiline, poly(ethylene oxide) (PEO), and any
combination thereof.

15. The method of claim 11, wherein said solvent i1s
selected from the group consisting of an organic solvent, an
acid, a base, an alcohol, and any combination thereof.

16. The method of claim 11, wherein said solvent i1s
selected from the group consisting of 1,1,1,3,3,3-hexatluoro-
2-propanol (HFP) and glacial acetic acid.

17. A method of culturing a cell with an electroprocessed
scatfold comprising contacting an electroprocessed synthetic
polymer and soy protein 1solate scatfold with said cells 1n the
presence of a culture medium.

18. The method of claim 17, wherein said culturing a cell
with said scaffold produces a target tissue substitute.

19. The method of claim 17, wherein said cell 1s selected
from the group consisting of stem cells, muscle cells, endot-
helial cells, nerve cells, bone cells, heart cells, epithelial cells,
fibroblasts, and mixtures thereof.

20. A method of delivering an agent to a mammal, said
method comprising administering an electroprocessed syn-
thetic polymer and soy protein 1solate scaiffold to a mammal
wherein said scafiold further comprises an agent.

21. The method of claim 20, wherein said agent 1s a cell.

22. The method of claim 20, wherein said agent 1s selected
from the group consisting of an extracellular matrix compo-
nent, a growth factor, a differentiation factor, and combina-
tions thereol.

23. The method of claim 20, wherein said agent 1s selected
from the group consisting of a chemical agent, a pharmaceu-
tical, a peptide, a nucleic acid, and any combination thereof.
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